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Utilizing time-resolved Kerr rotation techniques, we have investigated the spin dynamics of a high mobility,
low density two dimensional electron gas in a GaAs/Al0.35Ga0.65As heterostructure in dependence on temper-
ature from 1.5 K to 30 K. It is found that the spin relaxation/dephasing time under a magnetic field of 0.5 T
exhibits a maximum of 3.12 ns around 14 K, superimposed on an increasing background with rising temper-
ature. The appearance of the maximum is ascribed to that at the temperature where the crossover from the
degenerate to the nondegenerate regime takes place, electron-electron Coulomb scattering becomes strongest,
and thus inhomogeneous precession broadening due to D’yakonov-Perel’ (DP) mechanism becomes weakest.
These results agree with the recent theoretical predictions [Zhou et al., PRB 75, 045305 (2007)], verifying the
importance of electron-electron Coulomb scattering to electron spin relaxation/dephasing.
PACS numbers: 72.25.Rb, 71.70.Ej, 85.75.-d, 78.47.jc
In recent years, spin dynamics in semiconductors has at-
tracted considerable attention because of its potential applica-
tion in the spin-based devices.1 The operation of these devices
requires spin lifetime long enough to achieve storage, trans-
port and processing of information. Therefore, a comprehen-
sive understanding of spin relaxation mechanism is a key fac-
tor for the realization of these devices. It is generally accepted
that the D’yakonov-Perel’ (DP) mechanism is the leading
spin relaxation/dephasing (R/D) mechanism in n-type zinc-
blende semiconductors.2 This is caused by an wavevector k-
dependent effective magnetic field Ω(k) from the bulk inver-
sion asymmetry,3 i.e., the Dresselhaus term, and/or the struc-
ture inversion asymmetry,4 i.e., the Rashba term. The spin re-
laxation rate can be determined by τ−1 = 〈Ω(k)2〉τP(k), where
τP(k) is the momentum relaxation time.5 As the electron-
electron Coulomb scattering does not contribute to the mo-
mentum relaxation time τp, it has long been widely believed
that the electron-electron Coulomb scattering is irrelevant in
the spin relaxation.5,6,7,8,9,10,11 However, it was first pointed
out by Wu and Ning12 that in the presence of inhomoge-
neous broadening, any scattering, including the spin conserv-
ing electron-electron Coulomb scattering, can cause an irre-
versible spin relaxation and dephasing. This inhomogeneous
broadening can be the energy-dependent g-factor,12 the DP
term,13,14 and even the k-dependent spin diffusion along a spa-
cial gradient.15 In n-type GaAs quantum well, the importance
of the electron-electron scattering to the spin relaxation was
proved by Glazov and Ivchenko16 by using perturbation the-
ory and Weng and Wu14 from a fully microscopic many-body
approach. In a temperature-dependent experimental study of
the spin relaxation in n-type (001) quantum wells, Harleyet
al. indirectly verified the effects of the electron-electron scat-
tering on spin relaxation.17,18 Nevertheless, the importance of
the Coulomb scattering to the spin relaxation/dephasing (R/D)
has not yet been widely accepted. Recently, Bronold et al.19
and Zhou et al.20 predicted that electron-electron scattering
could lead to a maximum in the spin R/D time as a function
of temperature at the temperature where the transition from
the degenerate to the nondegenerate regime occurs. The lat-
ter particularly pointed out that this maximum is solely from
the electron-electron Coulomb scattering in samples with low
electron density but high mobility, since in such samples the
electron-impurity scattering and the electron-ac-phonon scat-
tering could be effectively excluded at low temperature. An
experimental observation of such a maximum helps to nail
down the importance of the Coulomb scattering to the spin
R/D.
In this paper, we report on time-resolved measurements
on such kind of high mobility two dimensional electron gas
(2DEG) with low electron density in the low temperature
regime from 1.5 K to 30 K. With minimal excitation den-
sity, spin-polarized electrons are injected and probed near the
Fermi energy. The ensemble spin dephasing time T ∗2 is mea-
sured via time-resolved pump-probe Kerr rotation (TRKR).
We find that the spin R/D time under a magnetic field of 0.5
T indeed exhibits a maximum of 3.12 ns around 14 K and
a monotonic increase background from 1.03 ns at 1.5 K to
2.67 ns at 30 K. These features agree with the recent theo-
retical predictions,14,19,20 demonstrating the importance of the
electron-electron Coulomb scattering to electron spin R/D in
a high-mobility low-density 2DEG.
The 2DEG sample used in our investigation contains a
GaAs/AlGaAs heterostructure grown by molecular beam epi-
taxy on a (001)-oriented semi-insulating substrate. A 1400
nm GaAs buffer layer was first grown on the substrate fol-
lowed by a 90 nm undoped Al0.35Ga0.65As spacer layer, 14 nm
n-doped (3.1 × 1018 cm−3) Al0.35Ga0.65As, a 10 nm undoped
AlGaAs barrier layer, and finally a 7 nm GaAs cap layer. The
2DEG sample has a mobility of 3.2 × 106 cm2V−1s−1 and a
density of 9.6 × 1010 cm−2 at 4.2 K. The TRKR measure-
ments were performed in a magneto-optical cryostat with a
superconducting split-coil magnet. The sample was excited
near normal incidence with degenerate pump and probe beams
from a Ti:sapphire laser (76 MHz repetition rate ). The laser
pulse has a temporal duration of ∼3 ps and a spectral width
of ∼0.5 meV, which allows for a high energy resolution. The
photon energy was tuned slightly above the band gap of GaAs
for the maximum Kerr rotation signal. The pump and probe
20 1 2 3
 
 
Time delay (ns)
Combined
2DEG
 
GaAs
(b)
(a)
T=14K  B=0.5T
 
  
 
 exp
 fit
K
er
r R
ot
at
io
n 
(a
rb
. u
ni
ts
.)
FIG. 1: (Color online) (a) Experimental TRKR trace (curve with
squares) at T = 14 K and B = 0.5 T. The solid line is the fitting
result. (b) Extracted TRKR signals of GaAs (top), 2DEG (middle),
and their combined TRKR signal (bottom).
beams were focused to a spot of ∼100 µm in diameter, with
constant powers of 200 µW and 20 µW, respectively. The
circular polarization of the pump beam was modulated with
photoelastic modulator at 50 kHz for lock-in detection. The
circularly polarized pump beam incident normal to the sam-
ple surface generated spin-polarized electrons with the spin
vector along the growth direction of the sample. The Kerr
rotation θ(∆t) of a linearly polarized pulse after a time delay
∆t, measures the projection of the net spin magnetization as it
precesses about a magnetic field applied parallel to the sample
surface (in Voigt geometry).
A typical experimental TRKR trace measured at T = 14
K and B = 0.5 T is presented in Fig. 1(a). The trace shows
strong oscillations whose frequency, i.e., the Larmor preces-
sion frequency ω gives the electron g-factor by ω = gµBB/~,
where µB is the Bohr magneton, B is the transverse mag-
netic field, and ~ is the reduced Planck’s constant. The
exponentially-decayed envelope reflects the ensemble spin
R/D time T ∗2 . Quantitative analysis shows that the experimen-
tal TRKR trace in Fig. 1(a) contains oscillations with two
different frequencies, rather than a single frequency. This can
be understood as follows. The photon energy of pump and
probe beams is only a little higher than the band gap of GaAs.
The 2DEG and the GaAs buffer layer are unavoidable to be
excited simultaneously. Spin-polarized electrons in the 2DEG
and the GaAs buffer layer both contribute to the Kerr rota-
tion signal with distinct precession frequencies. Therefore,
the TRKR trace shows two distinct precession frequencies (or
g-factors). We can extract the Kerr signal arising from the
2DEG or the GaAs buffer layer through their distinct elec-
tron g-factors. The Kerr rotation signal θK(∆t) as a function
of time delay ∆t can be expressed as a superposition form
of exponentially-decayed harmonic functions for 2DEG and
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FIG. 2: (Color online) (a) TRKR traces at different temperatures of
4 K (red), 14 K (green) and 16 K (blue). Inset: zoomed picture of
the same curve for the time delays between 1.4 ns and 3.34 ns. (b)
Electron g-factor as a function of temperature for 2DEG (squares)
and GaAs (circles). (C) Electron spin R/D time as a function of tem-
perature for 2DEG (squares) and GaAs (circles). All data were taken
at B = 0.5 T and powers of pump : probe = 200 µW : 20 µW.
GaAs:
θK(∆t) = A1 exp(− ∆tT ∗21
) cos(ω1∆t + φ1)
+ A2 exp(− ∆tT ∗22
) cos(ω2∆t + φ2), (1)
Where A1 is the initial magnitude of electron spin polarization
in 2DEG, T ∗21 is the spin R/D time in 2DEG, ω1 is the Larmor
precession frequency in 2DEG, and φ1 is a phase offset. A2,
T ∗22, ω2, and φ2 are the corresponding parameters of GaAs.
Fitting the experimental data with Eq. (1) yields the solid
curve in Fig. 1(a). It is clearly seen that the fitting curve
agrees very well with the experimental data. A decomposition
of the KR signal is shown in Fig. 1(b). The decomposition
uses the parameters obtained from the fitting results in Fig.
1(a). The TRKR signal of 2DEG indicates an electron spin
R/D time of 3.12 ns and an electron g-factor of 0.407, while
3the TRKR signal of GaAs indicates an electron spin R/D time
of 0.40 ns and an electron g-factor of 0.434. The combined
signal of 2DEG and GaAs gives the fitting curve in Fig. 1(a).
Note that a very fast decay of the TRKR signal within the first
few picoseconds. We attribute this to the spin relaxation of
the photoexcited holes, which lose their initial spin orientation
very fast.21 Here we don’t consider this fast decay, i.e., hole
spin relaxation.
Figure 2(a) shows TRKR traces under a magnetic field of
0.5 T at different temperatures of 4 K, 14 K, and 16 K. One
can find that the oscillatory envelope decay becomes much
slower from 4 K to 14 K, and a little faster from 14 K to 16
K [see the inset of Fig. 2(a)]. These clearly indicate that the
spin R/D time exhibits a maximum around 14 K. As the tem-
perature was increased, we tuned the photon energy of the
pump and probe beams slightly above the band gap of GaAs
for the maximum Kerr rotation signal at a fixed time delay of
12 ps. Figure 2(b) displays the electron g-factors in 2DEG
and GaAs as a function of temperature from 1.5 K to 30 K.
One can clearly see that electron g-factor in GaAs at low tem-
peratures is about 0.44, which is a commonly accepted value
in GaAs.22,23,24 The electron g-factor in 2DEG is smaller than
that in GaAs. This is because the wavefunction of electrons
in the triangle quantum well penetrates into the potential bar-
rier AlGaAs. Except for the temperature of 1.5 K, the elec-
tron g-factors in 2DEG and GaAs are clearly resolved. From
the distinct g-factors in 2DEG and GaAs, we can obtain the
corresponding electron R/D time in 2DEG and GaAs. Figure
2(c) shows the temperature dependence of electron R/D time
in 2DEG and GaAs from 1.5 K to 30 K. A maximum of 3.12
ns is clearly seen around 14 K in the electron spin R/D time
of 2DEG as a function of temperature. The maximum is su-
perimposed on an increasing spin R/D time background from
1.03 ns at 1.5 K to 2.67 ns at 30 K. The electron spin R/D
time in GaAs at different temperatures is around 0.4 ns with
moderate fluctuation. Similar temperature dependence of the
electron spin R/D time in bulk GaAs has been observed by the
previous work at low temperatures.24
The 2DEG sample used here is of high mobility, and thus
the electron-impurity scattering is weak. In addition, the
electron-impurity scattering has a very weak temperature de-
pendence. At very low temperature, the electron-ac-phonon
scattering is negligible.26 Therefore, the appearance of the
maximum in the spin R/D time as a function of temperature in
Fig. 2(c) originates from the electron-electron Coulomb scat-
tering which dominates the scattering process at low temper-
ature. It is understood that electron-electron Coulomb scatter-
ing has a nonmonotonic dependence on temperature: at low
temperature (degenerate limit), the electron-electron scatter-
ing time τee ∝ T−2, while at high temperature (nondegenerate
limit), τee ∝ T .27,28 The minimum of τee appears at the tran-
sition temperature where the crossover from the degenerate
to the nondegenerate regime occurs. Therefore, the contri-
bution of electron-electron Coulomb scattering to inhomoge-
neous precession broadening due to DP mechanism has a min-
imum at the transition temperature. Consequently, the spin
R/D time versus temperature curve exhibits a maximum. This
feature agrees with the recent theoretical prediction.19,20 Note
that the Fermi temperature (TF) of the 2DEG estimated from
the electron density is about 40 K, while the transition tem-
perature is around 14 K. This deviation can be attributed to
that the Fermi-Dirac distribution function is strongly affected
by the electron-electron scattering in the intermediate temper-
ature regime T ∼ 0.5TF .29,30 Thus, the transition temperature
between the degenerate and the nondegenerate regime in the
2DEG investigated here is close to 0.5TF .
We now turn to discuss the increasing spin R/D time back-
ground with rising temperature. For a low initial spin po-
larization, a large increase of the spin R/D time with rising
temperature has already been observed by Brand et al.17 and
Stich et al..31 This behavior has been discussed from kinetic
spin Bloch approach by Weng and Wu14 in high tempera-
ture regime and by Zhou et al.20 in low temperature regime.
With both the experiment and calculation, Stich et al.31 show
that the spin R/D time increases with rising temperature for
low initial spin polarization in low temperature regime, ex-
cept that the spin R/D time peak was not observed in their
case. Using the method in Ref. 25 and taking into account the
absorption ratio between 2DEG and GaAs in this measure-
ment, we estimate an initial spin polarization degree of about
0.8 %. For such low initial spin polarization, the inhomoge-
neous broadening determined by momentum scattering in DP
mechanism plays a dominant role.31 An increasing tempera-
ture led to stronger momentum scattering, in other words, a
shorter momentum scattering time τP. This in turn induced an
increasing spin R/D time via DP mechanism. Consequently,
there is an increasing spin R/D time background with rising
temperature.
In conclusion, we have performed time-resolved Kerr ro-
tation measurements on a high-mobility low-density two di-
mensional electron gas at low temperatures. We observe that
as temperature is increased, the spin R/D time exhibits a peak
of 3.12 ns around 14 K, superimposed on an increasing back-
ground from 1.03 ns at 1.5 K to 2.67 ns at 30 K. The appear-
ance of the peak is ascribed to the electron-electron Coulomb
scattering. As temperature approaches the point where the
crossover from the degenerate to the nondegenerate regime
occurs, the electron-electron scattering becomes strongest.
This results in a peak in spin R/D time versus temperature
curve due to the DP mechanism. Our results nail down the
importance of the Coulomb scattering to the spin R/D due to
the DP mechanism.
We thank H. Z. Zheng, K. Chang and M. W. Wu for fruit-
ful discussions and M. Heiblum for valuable help. This work
has been supported by NSFC under grant Nos. 10425149 and
10334040 and the Knowledge Innovation Project of Chinese
Academy of Sciences.
∗ Author to whom all correspondence should be addressed; Elec-
tronic address: jiyang@red.semi.ac.cn
1 D. D. Awschalom, D. Loss, and N. Samarth (eds.), Semiconductor
4Spintronics and Quantum Computation (Springer, Berlin, 2002);
Igor ˇZutic´, Jaroslav Fabian, S. Das Sarma, Rev. Mod. Phys. 76,
323 (2004).
2 M. I. D’yakonov and V. I. Perel’, Zh. ´Eksp. Teor. Fiz. 60, 1954
(1971) [Sov. Phys. JETP 33, 1053 (1971)].
3 G. Dresselhaus, Phys. Rev. 100, 580 (1955).
4 Y. A. Bychkov and E. I. Rashba, Pis’ma Zh. ´Eksp. Teor. Fiz. 39,
66 (1984) [JETP Lett. 39, 78 (1984)].
5 F. Meier and B. P. Zakharchenya, Optical Orientation (North-
Holland, Amsterdam, 1984).
6 W. H. Lau and M. E. Flatte´, Phys. Rev. B 72,161311(R) (2005).
7 W. H. Lau, J. T. Olesberg, and M. E. Flatte´, Phys. Rev. B 64,
161301(R) (2001).
8 P. H. Song and K. W. Kim, Phys. Rev. B 66, 035207 (2002).
9 N. S. Averkiev, L. E. Golub, and M. Willander, J. Phys.: Condens.
Matter 14, R271 (2002).
10 S. Krishnamurthy, M. van Schilfgaarde, and N. Newman, Appl.
Phys. Lett. 83, 1761 (2003).
11 O. Bleibaum, Phys. Rev. B 71, 235318 (2005).
12 M. W. Wu and C. Z. Ning, Eur. Phys. J. B 18, 373 (2000).
13 M. W. Wu, J. Phys. Soc. Jpn. 70, 2195 (2001).
14 M. Q. Weng and M. W. Wu, Phys. Rev. B 68, 075312 (2003).
15 M. Q. Weng and M. W. Wu, Phys. Rev. B 66, 235109 (2002).
16 M. M. Glazov and E. L. Ivchenko, Pis’ma Zh. Eksp. Teor. Fiz. 75,
476 (2002) [JETP Lett. 75, 403 (2002)].
17 M. A. Brand, A. Malinowski, O. Z. Karimov, P. A. Marsden, R. T.
Harley, A. J. Shields, D. Sanvitto, D. A. Ritchie, and M.Y. Sim-
mons, Phys. Rev. Lett. 89, 236601 (2002).
18 W. J. H. Leyland, G. H. John, R. T. Harley, M. M. Glazov, E. L.
Ivchenko, D. A. Ritchie, I. Farrer, A. J. Shiels, and M. Henini,
Phys. Rev. B 75, 165309 (2007).
19 Franz X. Bronold, Avadh Saxena, and Darryl L. Smith, Phys. Rev.
B 70, 245210 (2004).
20 J. Zhou, J. L. Cheng, and M. W. Wu, Phys. Rev. B 75, 045305
(2007).
21 S. A. Crooker, D. D. Awschalom, J. J. Baumberg, F. Flack, and N.
Samarth, Phys. Rev. B 56, 7574 (1997).
22 J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett. 80, 4313
(1998).
23 M. Oestreich, S. Hallstein, A. P. Heberle, K. Eberl, E. Barser, and
W. W. Ru¨hle, Phys. Rev. B 53, 7911 (1996).
24 P. E. Hohage, G. Bacher, D. Reuter, and A. D. Wieck, Appl. Phys.
Lett. 89, 231101 (2006).
25 D. Stich, J. Zhou, T. Korn, R. Schulz, D. Schuh, W. Wegscheider,
M. W. Wu, and C. Schu¨ller, Phys. Rev. Lett. 98, 176401 (2007).
26 P. Y. Yu and M. Cardona, Fundamentals of Semiconductors, 3rd
ed. (Springer, Berlin, 2003), p. 222.
27 A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski, Methods
of Quantum Field Theory in Statistical Physics (Dover, New York,
1963).
28 G. F. Giuliani and G. Vignale, Quantum Theory of the Electron
Liquid (Cambridge, New York, 2005).
29 Ben Yu-Kuang Hu and Karsten Flensberg, Phys. Rev. B 53, 10072
(1996).
30 Karsten Flensberg and Ben Yu-Kuang Hu, Phys. Rev. B 52, 14796
(1995)
31 D. Stich, J. Zhou, T. Korn, R. Schulz, D. Schuh, W. Wegscheider,
M. W. Wu, and C. Schu¨ller, Phys. Rev. B 76, 205301 (2007).
